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Tethered bilayer lipid membrane
Nucleation and growthThe lipopeptaibol trichogin GA IV (TCG) can be incorporated in the lipid bilayer moiety of a mercury-
supported tethered bilayer lipid membrane (tBLM) at a non-physiological transmembrane potential of about
−240 mV, negative on the trans side of the bilayer. Once incorporated in the tBLM, TCG is stable over the
range of physiological transmembrane potentials and permeabilizes the membrane at transmembrane
potentials negative of −80÷−90 mV. The chronocoulometric behavior is consistent with a kinetics of
nucleation and growth of bundles of TCG building blocks with ion-channel properties. The TCG building
blocks also permeabilize the lipid bilayer, albeit at more negative transmembrane potentials, and can be
tentatively regarded as dimers of aligned TCG helical monomers. The cyclic voltammograms of tBLMs
incorporating TCG point to a voltage-gated behavior of the TCG channel, similar to that exhibited by the
peptaibol alamethicin.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Trichogin GA IV (TCG) is an amphipathic peptide that consists of a
sequence of 10 amino acid residues with three nonproteogenic
helicogenic α-aminoisobutyric acid (Aib) residues, the 1,2 amino
alcohol leucinol at the C-terminus, and a lipophilic n-octanoyl group
at the N-terminus. TCG belongs to the class of lipopeptide antibiotics
[1–3], and has a remarkable capability of modifying membrane
permeability [2–4]. Both TCG and its equally active analog TCG-OMe, in
which leucinol is replaced by leucinemethyl ester (Leu-OMe), have been
extensively investigated. As distinct from the much longer peptaibol
alamethicin, which is believed to form ion conducting barrel-stave
aggregates [5,6], TCG is too short to span the whole membrane. The
position and orientation of TCG and of its differently labeled analogs in
model membranes have been studied using ﬂuorescence spectroscopy
[7,8], pulsed electron–electron double resonance (PELDOR) [9,10], and
electron spin echo (ESE) [11]. The effect of TCG incorporation on the
molecular properties of themembranewas investigated bymultinuclear
solid-state-NMR and FT-IR-absorption [12]. All these investigations
concur in the conclusion that, at low peptide concentration, the helical
TCG molecules lie just below the polar head region, parallel to the
membrane surface [10,11,13]. The hydrophilic side of the helix, which
includes the four Gly residues, is assumed to be turned toward the polar
heads, with the hydrophobic side turned toward the hydrocarbon tails.
On the basis of ﬂuorescence spectroscopy experiments on giant: +39 055 457 3385.
l rights reserved.unilamellar vesicles, Mazzuca et al. [8] showed that a ﬂuorescent labeled
TCG-OMe, when added on one side of the membrane, readily partitions
on both sides. They also concluded that at relatively high TCG-OMe
concentrations (≥3.5 μM) the peptide molecules are deeply inside the
membrane, where they aggregate and determine membrane leakage
and bioactivity. In other words, an increase in TCG-OMe concentration
would trigger the passage from an inactive state, in which the peptide is
near the polar head region, to a bioactive aggregation state embedded in
the hydrocarbon tail region. Salnikov et al. [10] conﬁrmed by PELDOR
that an increase of the concentration of a spin labeled TCG-OMe
derivative causes an orientation change resulting in the N-terminus of
the peptide to be buried deeper inside the membrane; the most
abundant aggregates were estimated to consist of peptide dimers with
an antiparallel orientation. According to Syryamina et al. [11], at high
peptide concentrations the three-pulse stimulated electron spin echo
spectrum of spin labeled TCG-OMe provides evidence that two N-
terminuses are mutually in close contact, rotating like a solid cylinder. It
was concluded that the two head-to-head associated monomers are
aligned along the direction of the surrounding lipid molecules, spanning
the whole lipid bilayer. To explain the membrane leakage induced by
TCG-OMe at high concentrations, it was postulated that these rotating
dimers may promote translocation of polar molecules across the
membrane by acting as a hole-drilling device.
All the above measurements, however, were carried out in the
absence of an applied transmembrane potential Δϕlb. Moreover, all
model membranes were prepared from well-deﬁned lipid/peptide
molar ratios, with the only exception of the work by Mazzuca et al.
[8]. Different preset Δϕlb values across large unilamellar vesicles were
generated by Kropacheva and Raap [14], upon varying the K+
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of the K+-ionophore valinomycin. Dissipation of the transmembrane
potential upon addition of TCG-OMe to the solution containing the
vesicles (i.e., the cis side) was followed with two potential-sensitive
dyes. The initial rate ofΔϕlb dissipation increaseswith an increase in the
absolute value of the preset transmembrane potential when the latter is
positive on the cis side, whereas it remains practically constant when
the same potential is negative. Activation by imposing cis-positive
transmembrane potentials, but not cis-negative ones, was also observed
with other peptaibols, namely alamethicin and zervamicin. The observed
power dependence of the ion diffusion rate k on TCG-OMe concentration
(k∝[TCG-OMe]N with N≈3–4) suggests that some aggregation is
involved in ion permeation. In view of the moderately short chain of the
peptide, itwas hypothesized that a bundle of three or four TCGmolecules,
with the polar groups turned toward the interior of the bundle, may cage
ions and shuttle them across themembrane in a valinomycin-like fashion
[14]. However, the observation by Mazzuca et al. [8] that the activity of
TCG-OMe is slightly higher in more rigid membranes, as opposed to the
behavior of ion carriers, would disprove this hypothesis. Patch-clamp
measurements in whole-cell conﬁguration, using isolated photoreceptor
rod outer segments incorporating TCG-OMe, did not lead to membrane
permeabilization for Δϕlb values ranging from−60 to +60mV [15].
In this work, the behavior of TCG-OMe incorporated in a robust
biomimetic membrane was investigated by cyclic voltammetry,
chronocoulometry and electrochemical impedance spectroscopy. The
biomimetic membrane was obtained by tethering a thiolipid monolayer
to the surface of a hangingmercury drop electrode (HMDE). The thiolipid,
2,3-di-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L-a-lipoic acid ester
(DPTL) [16], consists of a tetraethyleneoxy hydrophilic chain, terminated
at one end with a lipoic acid residue, for anchoring to the metal surface,
and covalently linked at the other end to two phytanyl chains mimick-
ing the hydrocarbon tails of a lipid. Self-assembling a phospholipid
monolayer on top of the thiolipid monolayer gives rise to a lipid bilayer
interposed between the aqueous solution and the hydrophilic chain
(i.e., the “spacer”), which acts as an ionic reservoir. This mercury-
supported tethered bilayer lipid membrane (tBLM) has been exten-
sively employed for the investigation of ion channels [17].
2. Material and methods
Water was obtained by an inverted osmosis unit; it was then
distilled once and redistilled from alkaline permanganate. Merck
(Darmstadt, Germany) suprapur® KCl was baked at 500 °C before use
to remove any organic impurities. Cholesterol (Chol), alamethicin and
gramicidin A were purchased from Sigma-Aldrich (St. Louis, Missouri,
U.S.A.) and used without further puriﬁcation. Dioleoylphosphatidyl-
choline (DOPC) and diphytanoylphosphatidylcholine (DPhyPC) in
chloroform solution and palmitoylsphingomyelin (PSM) in powder
were purchased from Avanti Polar Lipids (Birmingham, AL, U.S.A.).
TCG-OMe and its shorter omologue nOct-Aib-Gly-Gly-Leu-Aib-Gly-
Ile-Leu-OMe were synthesized as described in the literature [18]. 2,3,
di-O-phytanyl-sn-glycerol-1-tetraethylene-glycol-D,L-α lipoic acid
ester lipid (DPTL) was provided by Prof. Adrian Schwan (Department
of Chemistry, University of Guelph, Canada). Solutions of 0.2 mg/mL
DPTL in ethanol were prepared from a 2 mg/mL solution of DPTL in
ethanol. Stock solutions of this thiolipid were stored at −18 °C.
All measurements were carried out with a HMDE described
elsewhere [19]. A home-made glass capillary with a ﬁnely tapered tip,
about 1 mm outer diameter, was employed. Capillary and mercury
reservoir were thermostated at 25±0.1 °C in a water-jacketed box to
avoid any change of the drop area due to temperature ﬂuctuations.
Mercury-supported tBLMs were obtained by tethering a DPTL mono-
layer on the HMDE; this was accomplished by keeping the mercury
drop immersed in a 0.2 mg/mL DPTL solution in ethanol for 20 min. A
monolayer consisting of DOPC, DPhyPC or a lipid mixture was then
formed on top of the DPTL monolayer by spreading a lipid solution inpentane on the surface of a 0.1 M KCl aqueous solution. Immersion of
the DPTL-coatedmercury into the aqueous solution across the lipid ﬁlm
causes a lipidmonolayer to self-assemble on top of theDPTLmonolayer,
thanks to the hydrophobic interactions between the alkyl chains of the
phospholipid and those of the thiolipid. The tBLM was then subjected
to repeated potential scans over a potential range from −0.200 to
−1.200 V vs. Ag|AgCl|0.1 M KCl, while continuously monitoring the
curve of the quadrature component of the current at 75 Hz against the
applied potential using AC voltammetry, until a stable curve was
attained.
Cyclic voltammetric, potential-step chronocoulometric and imped-
ance spectroscopic measurements were carried out with an Autolab
instrumentPGSTAT12 (EchoChemie, Utrecht, TheNetherlands) supplied
with FRA2 module for impedance measurements, SCAN-GEN scan
generator and GPES 4.9007 software. Potentials were measured vs. a
Ag|AgCl electrode immersed in a 0.1 M KCl working solution, and are
referred to this electrode.
3. Results
The Hg-supported DPTL|lipid tBLM is a robust biomimetic
membrane that is satisfactorily stable over the potential range from
−0.200 to −1.200 V. TCG-OMe was incorporated into this biomi-
metic membrane from a 0.1 M KCl aqueous solution of this peptide.
For the preparation of the distal lipid monolayer, DOPC, DPhyPC and a
DOPC/PSM/Chol (45:44:11) mixture were alternatively employed.
Incidentally, the DOPC/PSM/Chol mixture forms microdomains of a
liquid-ordered phase rich in PSM and Chol (i.e., the lipid rafts),
immersed in a liquid-disordered matrix rich in DOPC [20].
3.1. The electrochemical techniques used for the investigation of the tBLM
Potential-step chronocoulometry consists in subjecting the elec-
trochemical system under investigation to a potential jump from an
initial value Ei to a ﬁnal value Ef and in recording the charge Q(t) that
ﬂows as a consequence of this jump as a function of time. When
applied to a Hg-supported DPTL|lipid tBLM in the absence of channel-
forming peptides, the charge transient triggered by a potential jump
is characterized by an initial ﬂux of purely capacitive charge, lasting
less than one millisecond; at sufﬁciently negative Ef values, this is
followed by a linear increase of charge in time, due to a constant small
reduction current, as schematically depicted in Fig. 1, curve a. This
current, which is clearly visible only over a time scale of tens of
seconds, is to be ascribed to a slight electroreduction of water to H2,
catalyzed by the sulfur atoms bound to the mercury surface [21]. Upon
incorporating cation-selective or nonselective ion channels, either ohmic
or voltage-gated, a potential jump from −0.300 V to a sufﬁciently
negative ﬁnal potential causes the channel to induce an ion ﬂux into the
tetraethyleneoxy (TEO) hydrophilic spacer. In particular, ohmic channels
start moving ions into the TEO spacer in the proximity of a transmem-
brane potential, Δϕlb, equal to zero, while voltage-gated channels show
this behavior only at some negative transmembrane potential. The ion
ﬂux is revealed by a negative charge that adds to the background charge
recorded in the absence of channels. This negative charge is due to
electrons that ﬂow along the external circuit and accumulate on the
metal surface, to maintain the electroneutrality of the whole electriﬁed
interface interposed between the bulk metal and the bulk aqueous
solution. The electron charge density σM accumulating on the metal
surface must be practically equal and opposite to the cation charge
density accumulating in the hydrophilic spacer. In fact, the only other
charge density located within the electriﬁed interface is that present in
the diffuse layer adjacent to the tBLM, which is much smaller than the
other two [22]. As the ﬁnal potential is made progressively more
negative, an Ef value is ultimately attained at which the TEO spacer is
completely saturated by the monovalent cations of the electrolyte. This
gives rise to a charge step that adds to the background charge, with a
Fig. 1. Schematic picture of a tBLM incorporating an ion channel at a ﬁnal applied
potential, Ef′, at which no cation ﬂux takes place (A) and at a more negative ﬁnal
potential, Ef″, at which it takes place (B). Schematic plot of a charge transient following
a negative potential jump from an initial potential Ei to the ﬁnal potential Ef″ in the
absence (a) and in the presence (c) of a voltage-gated channel, and schematic plot of a
cyclic voltammogram covering the (Ei>E>Ef″) potential range in the absence (b) and
in the presence (d) of an ohmic ion channel.
Fig. 2. Charge vs. time curves following potential jumps from Ei=−0.300 V to
progressively more negative ﬁnal potentials Ef at a DPTL|DOPC tBLM stabilized in
aqueous 0.1 M KCl containing 1 μM TCG-OMe. Proceeding in the order of increasing
height, the ﬁnal potentials Ef are−0.600 V,−0.650 V,−0.700 V,−0.750 V,−0.800 V,
−0.850 V and −0.900 V.
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shown schematically in Fig. 1, curve c. This corresponds to themaximum
charge of potassium ions that can be accommodated in the TEO spacer of
the DPTL thiolipid, as veriﬁed for different ion channels, such as
gramicidin [17e], melittin [17f], distinctin [17i] and alamethicin [17i].
With peptides that form ion channels by aggregation of helixes turning
the hydrophilic side toward the lumen of the channel, these charge steps
are often characterized by a sigmoidal shape. This shape has been
explained on the basis of a general kinetic model that accounts for the
potential-dependent penetration of adsorbedmonomericmolecules into
the lipid bilayer, followed by their aggregation with channel formation
by a mechanism of nucleation and growth. The latter mechanism
involves an induction period that is responsible for the sigmoidal shape.
This behavior is exhibited by several peptides such as melittin [17f],
monazomycin [17f], alamethicin [17i], distinctin [17i] and by small
proteins such as sarcolipin [17d].
The cyclic voltammetric technique consists in scanning the applied
potential at a constant scan rate from an initial to a ﬁnal value and in
then inverting the potential scan; this potential cycling can be repeated
several times during a single experiment. The current is plotted versus
the applied potential to yield the cyclic voltammetric trace. When
applied to a Hg-supported DPTL|lipid tBLM in the absence of channel-
forming peptides, the negative-going scan gives rise to a roughly
constant negative capacitive current, due to a gradual accumulation of
electrons on themetal surface and to a parallel accumulation of positive
ions in the diffuse layer adjacent to the tBLM. The current also includes a
resistive contribution due to a modest ion leakage through the lipid
bilayer, which imparts a slight tilt to the current trace. The reverse scan
yields a current with the same resistive contribution as that of the
current generated by the negative-going scan, but with an opposite
capacitive contributionwith respect to the zero current axis. This results
in a tracewhose shape is similar to that of a tilted rectangle, as shown in
Fig. 1, curve b. In the presence of an ion channel, the negative-going scan
yields a negative current peak that adds to the background current, as
soon as the appropriate transmembrane potential value is attained. This
peak is due to cation inﬂux into the spacer, and its integration over
potential yields a charge of about−45÷−50 μC cm−2, corresponding
to spacer saturation. In the case of an ohmic ion channel, the reverse
scan yields a positive current peak, roughly centrosymmetric with
respect to negative current peak and with the inversion center located
at an applied potential close to zero transmembrane potential, as shown
in Fig. 1, curve d.Electrochemical impedance spectroscopy consists in adding an a.c.
voltage of given frequency to a constant potential E applied to the
electrochemical cell, and in measuring the resulting current that
ﬂows at the same frequency. The amplitude of the a.c. voltage is of
about 10 mV (peak-to-peak) to ensure a linear relationship between
voltage and current. The frequency is varied by logarithmic steps
from about 105 to 10−1 Hz. This frequency spectrum may allow a
separation of the contributions from the different substructures
composing the tBLM, on the basis of their different relaxation times.
The response is usually interpreted by simulating the system by an
“equivalent circuit” consisting of a series of RC meshes (i.e., parallel
resistor and capacitor combinations), one mesh per each substruc-
ture. The relaxation time of a substructure is given by the product of
the resistance R and the capacitance C of the corresponding RC mesh.
3.2. Potential-step chronocoulometric measurements
Chronocoulometric measurements were carried out by performing
potential jumps from an initial potential Ei=−0.300 V to progressively
more negative ﬁnal potential values, Ef, and by recording the charge
induced by the potential jump as a function of time, over a timewindow
of 60 s. Each potential jumpwas preceded by an equilibration rest time
of 30 s at Ei.
After stabilization of a tBLM incorporating TCG-OMe from its 1 μM
solution by repeated potential cycles between−0.050 and−1.000 V,
we carried out a series of potential jumps from Ei to ﬁnal potentials Ef
that were made progressively more negative by−50 mV increments.
These jumps start yielding sigmoidal curves at Ef=−0.700 V, as
shown in Fig. 2. As Ef becomes progressively more negative, the slope
of the sigmoidal curve increases and its inﬂection point shifts
gradually toward shorter times. The linear segment of these curves
at longer times is sloping, due to a small constant current ascribable
to a modest hydrogen evolution. Extrapolation of this linear segment
to the t=0 axis yields a charge of−45÷−50 μC cm−2, corresponding
to the ionic charge required to ﬁll the hydrophilic spacer of the tBLM. In
the presence of 5 μM TCG-OMe and over a time interval of 5 min, a
sigmoidal curve is already observed at Ef=−0.650 V. Sigmoidal curves
similar to those in Fig. 2 are also obtained with a constant initial
potential Ei=−0.550 V. In this case, however, when proceeding to-
ward progressively more negative Ef values, the height of the sigmoidal
charge step starts decreasing with respect to its maximum value of
−45÷−50 μC cm−2; this is due to a rest time of 30 s at −0.550 V
being insufﬁcient to cause a complete expulsion of positive ions from
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Fig. 2 is indicative of a kinetic process of nucleation and growth of TCG-
OMe building blocks with ion-channel formation, as shown on the basis
of models [23,24]. These building blocks are expected to have the polar
side, comprising primarily Gly residues, turned toward the lumen of the
channel.
A chronocoulometric behavior similar to that exhibited by a tBLM
incorporating TCG-OMe from its 1 μM aqueous solution was also
shown by its shorter homologue (data not shown), but only at the
much higher concentration of 18 μM.
Occasionally, after stabilization of the tBLM incorporating TCG-OMe
by repeated potential cycles, the TCG-OMe molecules exhibit a particu-
larly high permeabilizing activity, as revealed by cyclic voltammetry. In
this case, the charge transients recordedduring a series of potential jumps
identical to that in Fig. 2 do not show sigmoidal shape (data not shown).
This behavior suggests that the ion channels formed in this particular
situation remain stable during the whole series of chronocoulometric
potential jumps, in which the tBLM is kept 30 s at−0.300 V before each
potential jump. Conversely, the sigmoidal shape shown in Fig. 2 indicates
that each single potential jump is accompanied by nucleation and growth
kinetics.
By carrying out a series of potential jumps from Ei=−0.300 V to
progressively more negative potentials at a freshly prepared tBLM
immersed in a 1 μM solution of TCG-OMe in aqueous 0.1 M KCl, an
appreciable increase in charge with respect to that in the absence of
TCG-OMe starts to be observed only at−0.900 V. This is shown by curve
b in Fig. 3, whose concavity is turned toward the horizontal time axis. A
subsequent potential jump from Ei to Ef=−0.950 V yields a charge
transient in which a sigmoidal curve adds to an initial portion still
exhibiting a downward concavity. A further potential jump to Ef=
−1.000 V yields a steep sigmoidal curve, about −50 μC cm−2 high.
With a TCG-OMe concentration of 5 μM, this sigmoidal charge transient
is already observed at Ef=−0.800 V. The appreciable increase in charge
with respect to the background charge observed at about −0.900 V is
not accompanied by a sigmoidal shape. We can tentatively explain this
behavior by assuming that ion-channel formation by nucleation and
growth is preceded by a stage in which the incorporation of TCG-OMe
monomers can induce an ionic ﬂux into the TEO spacer without their
aggregation. Since a single TCG-OMe monomer is too short to span a
lipid bilayer, it is reasonable to regard the formation of dimers consisting
of two aligned monomers as a prerequisite for their subsequent
aggregation into ion channels. This conclusion is supported by the cyclic
voltammetric behavior (see below).Fig. 3. Charge vs. time curves following potential jumps from Ei=−0.300 V to
progressively more negative ﬁnal potentials Ef at a freshly prepared DPTL|DOPC tBLM
in aqueous 0.1 M KCl containing 1 μM TCG-OMe. The ﬁnal potentials Ef are equal to
−0.900 V (b), −0.950 V (c) and −1.000 V (d). Curve a was obtained at −0.900 V in
the absence of TCG-OMe.3.3. Cyclic voltammetric measurements
The cyclic voltammetric behavior of tBLMs incorporating TCG-OMe
was essentially the same with a DOPC or DPhyPC distal monolayer,
whereas some differences were observed with a DOPC/PSM/Chol distal
monolayer.
Cyclic voltammograms were obtained by scanning the applied
potential between−0.200 and−0.050 V to−1.000 V. At a scan rate
of 10 mV s−1, the ﬁrst negative-going potential scan at a freshly
prepared tBLM incorporating TCG-OMe from aqueous solutions of
concentrations ranging from 1 to 5 μM shows two partially over-
lapping negative current peaks at about −0.95 V÷−1.00 V (see
Fig. 4). No negative peak is observed on a freshly prepared tBLM
incorporating TCG-OMe if the voltage scan does not cover potentials
more negative than −0.800 V. As distinct from the negative-going
current, the positive-going current is relatively ﬂat and exhibits a
rounded hump at about −0.50 V, as shown in Fig. 4. Repeated
scanning causes the two negative peaks to shift gradually toward less
negative potentials and to merge eventually into a single current
peak. Current stabilization is attained when the negative current peak
is at −0.75 V÷−0.70 V using a DOPC or DPhyPC monolayer, and at
about−0.60 V using a DOPC/PSM/Chol monolayer. This positive shift,
recorded on the same mercury drop, is ascribed to a progressive
incorporation of peptide molecules into the lipid bilayer of the tBLM
and/or to a change of the orientation or degree of aggregation of TCG-
OMe molecules already present in the lipid bilayer. An increase in the
TCG-OMe concentration from 1 to 5 μM shifts the stabilized negative
peak slightly in the positive direction. The stability of TCG-OMe ion
channels is apparent not only from chronocoulometric measurements,
but also from cyclic voltammetric measurements. Thus, a stabilized
peak potential remains practically unaltered upon keeping the tBLM
at an applied potential of −0.400 V for 1 h, even though TCG-OMe
incorporation requires application of potentials more negative than
−0.850 V.
Integration of the area under the negative peak (or peaks) yields a
charge density σM on the metal of about −45 μC cm−2 at all scan
rates from 5 to 50 mV s−1 and at all peptide concentrations from 1 to
5 μM. This implies that the negative-going voltage scan ﬁlls the spacer
completely with K+ ions, while the positive-going one expels them
from the spacer into the bulk aqueous phase, in order to maintain
steady-state conditions. The charge involved in the positive-going
scan cannot be accurately measured because of the ﬂatness of the
cyclic voltammogram at potentials positive of −0.60 V. Moreover, atFig. 4. Cyclic voltammograms of a freshly prepared DPTL|DOPC tBLM immersed in
aqueous 0.1 M KCl containing 1 μM TCG-OMe. Proceeding from left to right, the cyclic
voltammograms were obtained at a scan rate of 10 mV s−1 after 1, 3, 6, 9, 12 and 15
cycles from the instant of the immersion.
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background capacitive current, as measured in the absence of the
peptide, during both the positive-going scan and the negative-going
one. The fact that a DOPC/PSM/Chol distal monolayer yields a stabilized
negative peakmore positive than that recordedwith a DOPC or DPhyPC
monolayer implies that the raft-forming lipid mixture favors the incor-
poration of TCG-OMe in the lipid bilayer. This is conceivably ascribable
to the fatty acyl moiety of TCG-OMe. In fact, in mammalianmembranes,
which contain lipid rafts as distinct from microbial membranes,
lipopeptides and lipidated proteins with long saturated acyl chains are
sequestered into lipid rafts [25].
An increase of the scan rate from 10 to 200 mV s−1 causes the
negative peak to split into two peaks, as shown in Fig. 5; while the
less negative peak maintains a peak potential close to that of the
single peak recorded at 10 mV s−1, the more negative peak shifts
markedly in the negative direction with an increase of the scan rate.
This behavior can be explained by assuming again that the building
blocks of the TCG-OMe channel may induce an ion ﬂux across the
lipid bilayer prior to their aggregation. At the low scan rate of
10 mV s−1, all TCG-OMe dimers have sufﬁcient time to aggregate
with ion-channel formation, yielding a single peak. On the other
hand, at higher scan rates not all dimers succeed in aggregating over
the potential range of the single peak; the unclustered dimers will
then induce an ion ﬂux at more negative potentials, yielding the more
negative voltammetric peak. This interpretation may also explain
why the sigmoidal shape of the charge transients in Figs. 2 and 3 is
less evident at the more negative ﬁnal potentials. In fact, the abrupt
jump to these potentials may well induce membrane permeabilization
not only by ion channels, but also by single dimers. Evidence of a TCG-
OMe dimer having twoN-terminuses in close contact and rotating like a
solid cylinder was recently provided by the three-pulse stimulated
electron spin echo spectrum of spin labeled TCG-OMe [11]. The authors
hypothesized that the rotational mobility of the dimer may promote
transport of polar molecules in the membrane by acting like e hole-
drilling device.
3.4. Electrochemical impedance spectroscopy measurements
These measurements were carried out over the frequency range
from 0.1 to 105 Hz and by covering the potential range from −0.300
to −0.950 V by −50 mV increments. Impedance spectra are quite
reproducible, but they show a critical potential at which an abrupt
change in the electrical parameters prevents a satisfactory ﬁtting,
when using a single equivalent circuit throughout the whole potential
range. Therefore, we will limit ourselves to showing the in-phase
admittance Y′ at 10 Hz, which is a rough measure of the tBLMFig. 5. Cyclic voltammograms of a DPTL|DOPC tBLM stabilized in aqueous 0.1 M KCl
containing 1 μM TCG-OMe. In the order of increasing height, the scan rates are 10, 100
and 200 mV s−1.conductivity, as a function of the applied potential E. On a freshly
prepared tBLM in aqueous 0.5 μM TCG-OMe, Y′ at 10 Hz starts to
increase with respect to the background at −0.80 V, when proceed-
ing in the negative direction (see Fig. 6). However, during the
subsequent positive-going scan, Y′ becomes vanishingly small only at
−0.55 V. This conﬁrms that a stable TCG-OMe incorporation in the
membrane is favored by applying sufﬁciently negative potentials. The
inset of Fig. 6 shows Y′ vs. E plots at tBLMs in aqueous 1 μM TCG-OMe,
recorded after stabilization by continuous voltage scans. The lipid
forming the distal monolayer was either DPhyPC (solid circles) or the
DOPC/PSM/Cholmixture (open circles). The potential at which TCG-OMe
incorporation starts to increase the tBLM conductivity is more positive
with the lipid mixture (−0.50 V) than with DPhyPC (−0.55 V), in
agreement with cyclic voltammetric measurements. Both potentials are
more positive than those at which cyclic voltammetry and chronocou-
lometry start sensing the effect of TCG-OMe incorporation; this is due to
the higher sensitivity of impedance spectroscopy.
4. Discussion
The electric potential E can be related to the corresponding
transmembrane potential Δϕlb, namely the potential difference across
the lipid bilayer moiety of the tBLM. In the absence of ion channels in
the lipid bilayer moiety, and hence in the absence of ions in the TEO
spacer, Δϕlb can be estimated from the equation Δϕlb=0.72×(E vs.
Ag|AgCl|0.1 M KCl)+0.520 V, derived on the basis of an approximate
extra-thermodynamic procedure [26]. Thus, on a freshly prepared
tBLM, the minimum negative value of Δϕlb on the trans side of the
membrane atwhich TCG-OMe starts to be incorporated amounts to about
−240 mV, which is outside the range of physiological transmembrane
potentials. Conversely, after incorporation, TCG-OMe permeabilizes the
lipid bilayer stably at transmembrane potentials of−80÷−90 mV, and
its effect is measurable with electrochemical impedance spectroscopy
even at Δϕlb≅−30 mV. These are physiological transmembrane poten-
tials, although their relatively high values suggest a voltage-gated
behavior of TCG-OMe, analogous to that exhibited by the more widely
known and much more extensively investigated peptaibol alamethicin
[27,28]. In this connection, it should be noted that the cyclic voltammo-
gram of alamethicin incorporated in the tBLM is similar to that of TCG-
OMe, with a negative peak current and a relatively ﬂat positive current
(data not shown).
It is interesting to compare this behavior with that of the ohmic
cation-selective gramicidin ion channel. Fig. 7 shows the cyclic
voltammogram of a tBLM incorporating gramicidin from its 0.3 μM
solution in aqueous 0.1 M KCl. On a freshly prepared tBLM the
negative peak is at about −0.77 V while the positive one is at
−0.475 V. Multiple voltammetric scans shift the negative peak in the
positive direction while leaving the positive peak unchanged, until
eventually the midpoint potential between the negative and positive
peaks comes to practically coincide with the value, −0.520 V, corre-
sponding to zero transmembrane potential. The shift of the negative
peak is due to progressive gramicidin incorporation, which results in an
increase in the rate of K+ inﬂux into the TEO spacer. On the other hand,
the rate of K+ exﬂux is unaffected by the amount of incorporated
gramicidin. The shape of the negative peak is practically identical with
that obtained from the positive peak by capsizing the positive half-plane
on the negative one.
When compared with the cyclic voltammogram of the ohmic ion
channel gramicidin, the highly asymmetric cyclic voltammogram of TCG-
OMe can be regarded as typical of a voltage-gated channel, triggered by a
trans-negative transmembrane potential. This behavior is well known in
the case of the peptaibol alamethicin [27,28], which shares with TCG-
OMe a non-symmetric cyclic-voltammetric behavior. The fact that the
ﬁrst negative-going scan at a freshly prepared tBLM in the presence
of TCG-OMe does not give rise to any ionic inﬂux into the TEO spacer for
E>−0.85 V indicates that TCG-OMe is inactive over this potential range.
Fig. 6. Plots of the in-phase admittance Y′ at 10 Hz against E at a DPTL|DOPC tBLM
stabilized in aqueous 0.1 M KCl containing 0.5 μM TCG-OMe, as recorded during the
negative-going scan (open circles) and during the subsequent positive-going scan
(solid circles). The inset shows Y′ vs. E plots at a DPTL|(DOPC/PSM/Chol) tBLM (open
circles) and at a DPTL/DPhyPC tBLM (solid circles), both stabilized in aqueous 0.1 M KCl
containing 1 μM TCG-OMe.
1661L. Becucci et al. / Biochimica et Biophysica Acta 1818 (2012) 1656–1662There is a general consensus [7–12] that this inactivity is associated
with an orientation of the helical TCG-OMe molecules parallel to the
membrane surface. After a single cyclic voltammogram between−0.05
and −1.00 V, a nonzero ﬂat positive current is recorded, with the
charge under this current necessarily equal and opposite to that under
the negative current peak, to ensure steady-state conditions. This
positive current is present even at potentials that aremore positive than
the potential at which TCG-OMe starts to be active during the ﬁrst
negative-going scanby800 mV, although the ionﬂux is slower than at the
negative potentials at which the negative peak is recorded. This indicates
that the TCG-OMe helixes do not recover the original orientation parallel
to the membrane surface, but assume some intermediate conformation
allowing an ion ﬂux, albeit slower than at negative potentials. It is also
possible that they do not change conformation but exhibit sidedness
within the lipid bilayer, such as to favor a higher ion ﬂux in the negative
direction than in the positive one. Overall, cyclic voltammetry thus
appears to be a valuable tool for dynamic studies of ion channels in tBLMs.Fig. 7. Cyclic voltammograms of a DPTL|DOPC tBLM in aqueous 0.1 M KCl containing
0.3 μM gramicidin, at a scan rate of 10 mV s−1, before (dashed curve) and after
stabilization (solid curve).5. Conclusions
The lipopeptaibol TCG-OMe can be incorporated in the lipid
bilayer moiety of a mercury-supported tBLM at a non-physiological
transmembrane potential of about −240 mV, negative on the trans
side of the bilayer. However, we cannot exclude that a prolonged
incubation of TCG-OMe in an aqueous solution bathing a conven-
tional bilayer lipid membrane (BLM) may induce TGC-OMe incorpo-
ration in the membrane at physiological transmembrane potentials.
Once incorporated in the tBLM, TCG-OMe is stable over the range of
physiological transmembrane potentials and permeabilizes the mem-
brane at transmembrane potentials negative of −80÷−90 mV. The
chronocoulometric behavior is consistent with a kinetics of nucleation
and growth of bundles of TCG-OMe building blocks with ion-channel
properties. Even these building blocks permeabilize the lipid bilayer,
albeit at more negative transmembrane potentials, and can be
tentatively regarded as dimers of aligned TCG-OMe helixes. The cyclic
voltammograms of tBLMs incorporating TCG-OMe point to a voltage-
gated behavior of the TCG-OMe ion channel, similar to that exhibited by
the peptaibol alamethicin.
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